We report an experimental study of the rotovibrational fundamental PQR-band shapes in the IR absorption spectra of HCl dissolved in condensed rare gases in a wide range of temperatures. The effective vibrational frequencies are determined from analysis of the fine rotational structure partially resolved in the band wings. The central Q-branch components appear redshifted with respect to the effective vibrational frequencies, their shifts in different solvents found to match the HCl stretching mode shifts in binary Rg¯HCl van der Waals heterodimers. Theoretical quasi-free rotor and modified rotor models are applied to describe evolution of the band profiles at changing thermodynamic conditions. Both models are shown to reproduce equally well the observed spectral density distributions in the band wings. However, the modified rotor formalism that accounts for depopulation of the lower-energy rotational solute states provides better agreement with the experiment in the range of the P-and R-branch maxima. We surmise that the Q branches separated from the measured spectral profiles are formed by transitions between rotationally hindered states of diatomic molecules coupled to the solvent by the local anisotropy of the interaction potential.
I. INTRODUCTION
The effects of intermolecular interactions on the vibration-rotational spectra of diatomic molecules in a variety of environments, ranging from supersonic molecular beams to solid low-temperature matrices, have been analyzed in numerous investigations for more than half a century. One class of systems that attracted a considerable interest were solutions of hydrogen halide compounds in chemically inert media, widely studied during last decades. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The vibration-rotation absorption bands of these molecules typically show a triplet structure composed of a pair of side shoulders, resembling the P and R branches observed in the gas phase spectra, and a central component ͑the so-called Q branch͒, which is dipole symmetry forbidden for isolated diatomics.
Since the first discovery, 1,2 many new experimental facts have been reported. Most important for revealing the nature of the processes contributing to formation of such complicated spectral band profiles were the following: ͑i͒ observation of a resolved fine rotational structure in the P and R branches indicating persistence of a quantized rotational motion of light solutes in dense fluids; 3 ͑ii͒ significant changes in the integrated intensities detected for the vibrational fundamental and first overtone Hhal bands upon dissolution; [4] [5] [6] ͑iii͒ disappearance of the Q branch in the spectrum of HCldoped solidified Xe solvent; 11 ͑iv͒ the effects of temperature and solute concentrations on the fundamental band of HCl in liquefied rare gas ͑Rg͒ solutions; 12 ͑v͒ demonstration of a continuous enhancement of the Q branch on going from gaseous to liquid HF-Xe mixtures; 13 ͑vi͒ recent data on the evolution of the Q branch with temperature at constant densities in the HCl-SF 6 and HCl-Xe systems. 14, 15, 19 Theoretical approaches to interpretation of the observed triplet spectral bands included explanation for the appearance of the Q branch in terms of lifting the ⌬j = ± 1 selection rule for the rotational quantum number j, caused by an effective "orientational" field generated by the solvent, 7 by introducing a fluctuating liquid cell model that accounts for stochastic fluctuations of the solute-solvent anisotropic interactions, 9 by building theoretical spectra as sums of weighted contributions due to the free rotation and rotational diffusion motions of the solute species, 8, 10 and by molecular dynamics ͑MD͒ simulations. [16] [17] [18] As was recently demonstrated, 15 the intensity distribution in the range of discrete rotational features observed in the spectra of HCl diluted in dense inert fluids can be realistically reproduced by a quantum-statistical model of the quasi-free rotation of light diatomic molecular probes. The a͒ Author to whom correspondence should be addressed. Electronic mail: juperez@ull.es term "quasi-free rotation" implies that the angular momentum of a probe remains approximately conserved in the fluid, and the rotational eigenvalues can still be expressed in terms of the rotational quantum numbers j. However, this model was found to overestimate the intensity in the spectral ranges dominated by transitions between the lower-j rotational solute states. A new "modified rotor" model was proposed based on a concept of a potential barrier hindering rotation of the solute species. 15 This model assumes that a solute molecule can occupy quasi-free rotor states, provided the sum of its rotational and translational energies exceeds the height of this barrier. The ensuing depopulation of the lower-energy quasi-free rotor states yields a decreased absorption intensity, significantly improving agreement with the observed profiles.
We present here new quantitative experimental data on the fundamental IR band shapes of HCl diluted in fluid Ar, Kr, and Xe, obtained in a wide range of temperatures-from the normal boiling points to supercritical conditions of the solvents. The total band moments and also positions and relative intensities of the Q branches are evaluated for the measured spectral bands. The shifts of the Q branches relative to the effective vibrational frequencies in solutions are shown to correlate with the shifts of the HCl stretching modes observed in the spectra of the Rg¯HCl van der Waals dimers in the gas phase. Finally, we compare the results of the modified rotor calculations with the experimental band Table  II for HCl-Ar ͑a͒, HCl-Kr ͑b͒, and HCl-Xe ͑c͒ systems. In all cases the temperatures increase from top to bottom. shapes and obtain profiles formed by the hindered solute states as differences between the observed and calculated spectral densities.
The experimental procedure is briefly described in Sec. II. Section III is devoted to empirical analysis of the experimental data. The salient features of the modified rotor model, its quasi-free rotor limit, and details of relevant solutesolvent interactions are outlined in Sec. IV. A comparison of the measured and calculated spectral band profiles and discussion are presented in Sec. V. Finally, Sec. VI contains a brief summary and concluding remarks.
II. EXPERIMENT
The experimental technique was similar to that described in a previous study. 12 Briefly, the spectra were recorded with a Bruker IFS 113v Fourier-transform spectrometer at 0.5 cm −1 resolution, by collecting 100 scans with a zero-fill factor of 4 and applying the Happ-Genzel apodization. The instrument was equipped with a Globar source, a Ge/ KBr beam splitter and a cooled MCT detector. A 7 cm long sample cell made of stainless steel, fitted with slightly wedged silicon windows ͑diameter 12 mm and thickness 5 mm͒, designed to safely hold pressures of at least 15 bars, suspended in a Dewar vessel, was cooled down and further maintained at desired temperatures by small bursts of liquid nitrogen, automatically controlled by a Pt-100 thermoresistor embedded into the cell body.
Details of the sample preparation and handling were described elsewhere, 12, 16 and need not be repeated here. The ranges of reduced temperatures covered in the studies of the HCl-Ar and HCl-Kr systems were T / T c Ϸ 0.60-1.25, while for the HCl-Xe the data were obtained only along the gasliquid coexistence line at subcritical T / T c Ϸ 0.58-0.96 conditions ͑the critical temperature for Xe is T c = 289.7 K͒. Solute concentrations in solutions were estimated to be of the order of 10 −3 M. Weak spectral features due to the HCl dimers 12 have been detected in liquid Ar and Kr solutions at the lowest temperatures. The solvent gases with the stated purities of 99.9999%, 99.998%, and 99.995% for Ar, Kr, and Xe, respectively, were used as supplied by L'Air Liquide.
III. ANALYSIS OF THE EXPERIMENTAL PROFILES
First, we converted the absorbance A͑͒ measured at different temperatures into spectral densities I͑͒ as
where ␤ = ͑k B T͒ −1 and k B is the Boltzmann constant. The I͑͒ functions were further corrected by a linear interpolation of the zero-absorbance base line, and normalized by the integrated band intensities ͑zero band moments͒:
where
I͑͒d. ͑3͒
The spectral density functions for solutions of HCl in Ar, Kr, and Xe fluids are presented in Fig. 1 . Clearly visible are partially resolved rotational resonances and a more or less prominent central Q branch. The rotational features become enhanced at higher temperatures, without showing any abrupt changes on passing from the subcritical to supercritical states of the solvents. An additional weak feature at about 2828 cm −1 observed at lower temperatures in HCl-Ar ͓Fig. 1͑a͔͒ and at 135 K in HCl-Kr ͓Fig. 1͑b͔͒ indicates presence of traces of the ͑HCl͒ 2 dimeric species in solutions at some thermodynamic conditions covered in the present study. 12 The spectral density distributions in the wings of the P and R branches, centered at the Q-branch peaks, appear similar at close temperatures in all systems, while relative intensities of the Q branches increase in the sequence of the Ar, Kr, and Xe solvents, see Fig. 2 .
Our measurements reveal new facts concerning location of the Q-branch components. Their positions relative to the rotational resonances are found to be practically temperature independent, as was also observed before in a study of the HCl fundamental band in SF 6 fluid. 15 However, their location in the gap between the P and R branches vary in different solvents. This is illustrated in Fig. 3 , where central ranges of the spectral bands are plotted on an expanded frequency scale. It is possible to estimate the effective vibrational frequency ͑the band origin, 10 ͒ for quasi-free rotating solutes from the measured positions of the observed rotational features. The line frequencies m in a rotovibrational band of HCl diatomic can be accurately fitted by a cubic polynomial in powers of the line number m, where m = j + 1 for the R͑j͒ branch and m =−j for the P͑j͒ branch lines:
Here,
͒ , v is the vibrational quantum number, and B e , ␣ e , D e , and ␤ e are usual equilibrium vibration-rotation constants for a free diatomic molecule. 20 An example of such a fit is shown in Fig. 4 . The Q branches appear redshifted with respect to the band origins. Reported in Table I values of the Q frequencies are collected in Table II. As Table I shows, temperature independent separations of the Q-branch peaks from vibrational band origins in the spectra of HCl solutions strongly correlate with the shifts of the stretching modes for HCl moieties observed in the spectra of binary Rg¯HCl van der Waals heterodimers 21 from that in the free HCl molecule. Of course, determinations of the frequencies of Q branches and of rotational resonances from the recorded spectra are subject to errors caused by overlapping and line interference effects difficult to quantify a priori. Our analysis shows, however, that these uncertainties cannot be large enough to invalidate the above correlation.
Calculation of the area-normalized first initial
and the second central
band moments allows one to check the internal consistency of the experimental data on the measured spectral profiles. The theoretical expression for the second moment of a rotationally broadened spectral band is
where ⌬ = ͑B 1 − B 0 ͒ / B 0 , B 1 and B 0 are the rotational constants in the first and the ground vibrational states of a diatomic. The numerical data on M 1 , M 2 , and on the Q-branch frequencies Q are listed in Table II . The obtained values of M 2 are compared with predictions of Eq. ͑7͒ in Fig. 5 . We note here that the values of the band moments calculated from the recorded spectra are subject to unavoidable uncertainties caused by a somewhat arbitrary choice of the base line under a broad absorption profile and also by less accurate measurements in the far wings. Nevertheless, Fig. 5 shows that both magnitudes and temperature variations of the M 2 moments are within a few percent in agreement with the theoretical prediction.
IV. THEORETICAL FRAMEWORK
The observed distinct rotational structure, its temperature and solvent dependences, and temperature variation of the second band moments confirm the existence of weakly perturbed rotational states of HCl probes in high-density media. On the other hand, the experimental results on the evolution of absorption distributions in the central range of the bands at changing thermodynamic conditions suggest that the lower-energy solute states must be more strongly perturbed by the presence of the solvent.
It has been shown 15, 19 that the theoretical quasi-free rotor model, while able to reproduce the band wings, fails to describe absorption near the tops of the P and R branches. A modified version of the quasi-free rotation spectral theory was developed with the aim to improve agreement with the experiment. The basic idea of the modified rotor model is that the anisotropic interactions in a dense fluid produce an effective potential barrier to rotational motion of the solute molecules. This barrier does not impede motion of rapidly rotating species, for which only multibody interactions with the solvent remain relevant. We call the motion of those species a quasi-free rotation regime. However, the solute species having small enough kinetic energies cannot overcome the barrier, so that for them two-body solute-solvent interactions predominate. The motion of such species is viewed here as a hindered rotation regime. Consequently, the modified rotor model considers diatomic probes occupying one of the two qualitatively different states, namely, either a quasi-free, or a hindered ͑bound͒ rotor states.
The solute molecules find themselves in a quasi-free state ͑labeled f͒ whenever the sum of their rotational and translational energies exceeds the height of the potential barrier, or in a bound state ͑labeled b͒ once this sum is smaller than the barrier height. The translational energy E t of the relative solute-solvent motion is equivalent to that of the solvent species if one makes the solute center-of-mass fixed. In equilibrium, the system is a statistical mixture of states described by the density matrix
where b o and f o are the equilibrium density matrices for the corresponding states, and P b,f are the fractions of diatomics in the respective states ͑P b + P f =1͒. The energy manifolds E f and E b satisfy inequalities
with V b denoting the height of the potential barrier. Any solute molecule in the ground vibrational state v = 0 occupies the f manifold irrespective of the state of the solvent, provided its rotational energy E 0j is greater than the barrier height ͑E 0j Ͼ V b ͒. In that case, populations f o are given by the Maxwell Boltzmann distribution for a free rotor in a thermal equilibrium,
where Q r ͑T͒ is the rotational partition function. However, if the rotational energy E 0j is smaller than V b , the population f o must be treated as a conditional probability to find the molecule in an f state. It follows that, for E 0j Ͻ V b , the free rotor population 0j o must be multiplied by a factor
which is the probability that the sum of the rotational and translational energies for a Rg-HCl pair is greater than V b .
so that populations of the lower-energy quasi-free rotational states become depleted in comparison with the MaxwellBoltzmann distribution for a free rotor.
The probabilities P j can be calculated under the assumption that the translational kinetic energy distribution corresponds to the Maxwell velocity distribution, leading to
A. The spectral density
The linear response theory gives the spectral density in the form 22 
Ī͑͒
where ជ is the dipole moment function of the absorbing system S, Tr͕...͖ denotes the trace operation, and o is the equilibrium density matrix of the whole system. Accepting the hypothesis on the absence of initial correlations, we can factorize the o matrix into equilibrium density matrices o for the absorbing system S and B o for the surrounding thermal bath B:
In the modified rotor formalism the spectral density associated with transitions between quasi-free states is given by 15 Ī fr ͑͒ = − 1
where P j i = 1 when E 0j i Ͼ V b and P j i is given by Eq. ͑13͒ when E 0j i Ͻ V b . In the quasi-free rotor limit, 14,23 depletion of populations does not occur, i.e., P j = 1 for all the rotational states.
The reduced matrix elements of the dipole moment in Eq. ͑16͒ have the form
where 10 
HCl-Ar
HCl-Kr HCl-Xe where Tr S and Tr B denote partial traces over the degrees of freedom of S and B, and L is the Liouville superoperator associated with the Hamiltonian H of the whole S B system:
The RES matrix elements are taken in the irreducible Liouville space,
where ͉v i j i m i ; v f j f m f ͒ are the usual eigenstates,
associated with the rotovibrational energies E vj . These matrix elements are calculated in terms of the solute-solvent interaction Hamiltonian written as a sum of effective binary potentials,
expanded in a series of Legendre polynomials P L as functions of the angle between the unit vector u ជ that describes orientation of the diatomic, and the vector r ជ p joining the centers of mass of the diatomic and each solvent atom, u ជ p is the unit vector in the direction of r ជ p and V ͑L͒ ͑r͒ are the corresponding radial L-symmetry components of the interaction.
The RES matrix elements are written in terms of the molecular parameters for HCl and the stochastic parameters of the autocorrelation functions for each component of interaction, i.e., the interaction strength L 2 and the correlation time t c1 . Further details of these calculations can be found in Refs. 14 and 15 and will not be repeated here.
V. DISCUSSION
We start with a discussion of different parameters used in calculations of the theoretical absorption profiles.
First, some values of the effective potential barriers must be chosen. Of course, using a single semiempirical value of V b for each system is an oversimplification. In fact, two types of barriers can be distinguished from the available anisotropic potential energy surfaces. One is a barrier in the radial direction, V r , expected to be close to the dissociation energy of binary Rg-HCl van der Waals complexes. 21 Another is the angular barrier V , the difference between the lowest and highest minima on the V͑r , ͒ potential surface. 25 Taking an average of such upper and lower bounds seems to be at least a reasonable choice for the effective barrier V b . The relevant data are collected in Table III .
Next we consider parameters of the HCl molecule in different solvents. The band origins 10 were calculated from the Q-branch positions listed in Table II and using the shift values given in Table I . The rotovibrational constants of HCl were previously reported to change somewhat in highdensity phases, e.g., a decrease in the rotational constant B e and some changes in the vibration-rotation coupling parameter ␣ e have been noted in fluid SF 6 ͑Refs. 14 and 15͒ and in solid Rg matrices. 26 We also observed a qualitatively similar behavior from analysis of the polynomial fits, Eq. ͑4͒. However, in view of a relative broadness of the rotational resonances in the spectra of Rg-HCl solutions, this effect proved to be too small to make any noticeable influence on comparison of theoretical with experimental profiles, so the constants for the isolated diatomic were used in calculations. The chlorine isotope abundance-weighted parameters for 35, 37 HCl are the following: 23, 27 B e = 10.5895 cm −1 , ␣ e = −0.307 cm −1 , D e = −5.3ϫ 10 −4 cm −1 , ␤ e =−7ϫ 10 −6 cm −1 , and the HermanWallis coefficients C 10 = −2.60ϫ 10 −2 and D 10 = 4.5ϫ 10 −4 . As was shown in Refs. 15 and 19, the spectral band shapes for a polar diatomic diluted in chemically inert solvents are dominated by the P 1 term of anisotropic interaction in Eq. ͑21͒. The statistical parameters of the theory relevant for the systems studied in the present work are therefore the average interaction strength squared 1 2 and the correlation time t c1 treated here as adjustable parameters. Their typical values optimized by comparing with experimental profiles are presented in Table IV and t c1 = ͑2cB e ͒t c1 . For convenience of comparison, the experimental and quasi-free rotor spectral densities were normalized to unit 
HCl-Ar
HCl-Kr HCl-Xe areas, whereas the modified rotor spectral density was normalized with respect to the quasi-free rotor limit by the relation
.
͑23͒
Variation of the P j depopulation factors with temperature and solvent is plotted in Fig. 6 . We see that with the chosen values of V b at the same temperature populations of only j ഛ 2 are depleted ͑P j Ͻ 1͒ in the case of Ar, while for Kr and Xe also the j = 3 level becomes affected ͓Fig. 6͑a͔͒. The depletion effect decreases with increasing temperature, as expected ͓Fig. 6͑b͔͒.
A useful test for comparison of the theoretical and experimental profiles is given by the second band moment function,
where Ī͑͒ and M 1 are the normalized spectral density and the first band moment defined above. This function enhances the wings of the P and R branches and vanishes in the interbranch gap. An example is presented in Fig. 7 showing that the quasi-free and the modified rotor ͑MR͒ M 2 ͑͒ functions practically coincide in the band wings, the latter being closer to experimental curve between branches. Spectral densities calculated using quasi-free and MR models are compared with the experimental profiles in Fig.  8 . Both theoretical models provide equally good description in the band wings, but the quasi-free formalism clearly overestimates spectral intensity near the tops of the P and R branches. This deviation increases from Ar to Xe solvents and also on going from higher to lower temperatures. The MR approach improves overall agreement with the experiment. The remaining slight systematic deviations may be caused by a nonidentical effect of the barrier on the v =0, j → v =1, j − 1 and v =0, j → v =1, j + 1 transitions. Indeed, a P-branch transition can originate from an undepleted overbarrier state j jumping into a hindered state j − 1, whereas a R-branch transition can start from a depleted underbarrier state j jumping into a overbarrier quasi-free state j + 1. This is qualitatively consistent with the pattern depicted in Fig. 8 .
Finally, we present in Fig. 9 spectra in the central ranges of the bands for the systems studied, obtained by subtracting the modified rotor spectral densities from the experimental ones. The Q branches appear as central peaks with asymmetric shoulders more developed at lower temperatures. Similar inhomogeneous Q-branch profiles have been observed, e.g., in the ͑1−0͒ band of HCl dissolved in SF 6 . 15 Oscillatory residues evidently appear due to a small mismatch of shifts from the band origin of the calculated and observed individual rotational resonances-the modified rotor theory does not account for possible j dependence of the line shifts in dense fluids. Temperature variation of the Q-branch areas, M 0 Q , 15 in three solvents is shown in Fig. 10 .
VI. SUMMARY AND CONCLUDING REMARKS
We report here a systematic study of the fundamental rotovibrational band shape for HCl in dilute solutions in condensed Ar, Kr, and Xe. Qualitatively similar spectral density distributions in the wings of the P and R branches are found in all solvents. In contrast, the spectral profiles near the maxima of these branches and in the interbranch range appear solvent dependent. The central Q branch is most intense in Xe solution and becomes enhanced at lower temperatures in all systems; an opposite trend is observed for the relative intensity of the P and R branches. A strong correlation is shown to exist between the observed redshift of the Q branch from the band origin 10 in Rg solutions and the shift of the H-Cl stretching mode in the spectra of isolated Rg-HCl van der Waals heterodimers.
The modified and quasi-free theoretical models yield almost identical spectral density distributions in the wings of the P and R branches formed by transitions in the solute FIG. 8 . Experimental ͑solid͒, quasi-free ͑dashed͒, and modified rotor ͑dot-ted͒ band profiles, and the differences between the experimental and modified rotor ͑dash-dotted͒ profiles for ͑a͒ HCl-Ar at T = 190 K, ͑b͒ HCl-Kr at T = 183 K, and ͑c͒ HCl-Xe at T = 218 K. FIG. 9 . Evolution of the Q branches obtained by subtracting calculated modified rotor spectral profiles from the experimental spectra recorded at temperatures listed in Table II for HCl-Ar ͑a͒, HCl-Kr ͑b͒, and HCl-Xe ͑c͒ systems. In all cases the temperatures increase from top to bottom. molecules whose rotation is perturbed by a collective motion of the solvent atoms. Such multibody interaction with the solvent results in a broadening of the observed discrete rotational features without changing their relative intensities. The modified rotor model accounts for depleted population of the lower-energy quasi-free rotor states caused by a two-body solute-solvent anisotropic interaction approximated by an effective potential barrier. Depopulation of these states lowers calculated spectral density near the P and R branch maxima, bringing theoretical profiles into a better global agreement with the measured ones.
Elucidation of the dynamic factors that contribute to the appearance of the intermolecular interaction-induced Q branches in the spectra of diatomic molecular probes in highdensity environments has been a challenging problem for many years. 28 One of the previously advanced ideas was to relate the Q branches to the presence in liquid solutions of some weakly bound solute-solvent complexes that continuously transform into binary van der Waals heterodimers in the low-density limit ͑see, e.g., Ref. 13͒. Indeed, recent MD simulations employing different anisotropic potential energy surfaces for the Ar-HCl pair [16] [17] [18] demonstrated persistence at liquid densities of relatively long-living preferential Ar¯H-Cl spatial correlations ͑also dubbed pseudocomplexes 17, 29 ͒, characterized by a slow rotational dynamics, i.e., involving the rotationally hindered solute states. The available experimental data on the solvent and temperature variation of the HCl rotovibrational bands, including those presented here, also suggest that the Q branches are formed by transitions between the slowly relaxing underbarrier solute states, coupled to the solvent by the local anisotropy of the interaction potential.
The modified rotor model is a simplified approach which provides an illustrative view of the experimental observations discussed in this work. Indeed the development of a more complete theory in which the collapse of the rotational structure is threatened by a priori methods is highly desirable. However, this is not a simple task, because the properties of the optically active system corresponds not to the single HCl molecule, or to the binary pair HCl-rare gas molecule, but to collective HCl-surrounding solvent molecules. A first step has been given using MD simulation techniques, 16, 17, 29 where the rising of the Q branch with increasing density has been reproduced for different solvents. A following step in which quantum effects describing changes in the line intensities are combined with the whole band broadening described by MD is an actual line of research.
